Eosinophils possess both oxygen-dependent and oxygen-independent mechanisms for damaging helminthic parasites such as schistosomula. We have studied the release of the granular enzymes 0-glucuronidase and arylsulfatase to evaluate the oxidative requirement for degranulation. Both ionophore-mediated and immunoglobulin G-mediated release of granular enzymes were enhanced in the presence of oxygen (P c 0.05). Calcium ionophore-mediated degranulation under aerobic conditions was reduced by the addition of the degradative enzymes catalase and superoxide dismutase, suggesting that active oxygen products enhance degranulation. In contrast, oxygen products did not appear to contribute to degranulation induced by immunoglobulin G-coated beads.
The granular enzyme eosinophil peroxidase combines with hydrogen peroxide and an oxidizable cofactor to form a highly active system which is effective against bacteria, viruses, fungi, and helminthic parasites (2, 8, 8a, 11) . Another possible pathway of damage is the release of granular contents which have direct helminthotoxicity. Granular components which are capable of killing schistosomula of Schistosoma mansoni include eosinophil cationic protein and eosinophil major basic protein (4, 6) . We have previously demonstrated that eosinophil-mediated, antibody-dependent damage to schistosomula can occur in the absence of oxygen, which suggests that degranulation does not require oxygen (12) . We have now evaluated the oxidative requirement for degranulation as measured by the release of granular enzymes P-glucuronidase (a marker for specific granules) and arylsulfatase (a marker for small granules).
These studies clearly establish that enzyme release elicited by either calcium ionophore or immunoglobulin G (IgG) can occur in the absence of oxygen. However, enzyme release is greater in the presence of oxygen. Thus, there appear to be both oxygen-dependent and oxygen-independent mechanisms of degranulation.
MATERLALS AND METHODS
Cell preparation. Normal human eosinophils were purified on discontinuous metrizamide gradients from normal volunteers. Briefly, heparinized (10 U of preservative-free heparin per ml; A. H. Robins Co., Inc., Richmond, Va.) blood drawn from healthy normal volunteers was mixed with 4.5% Dextran T-500 (Pharmacia, Inc., Piscataway, N.J.) or Dextran 150,000 (Sigma Chemical Co., St. Louis, Mo.) in phosphatebuffered saline and was allowed to sediment for 30 min at 37°C. The leukocyte-rich plasma was removed, washed twice with Eagle minimal essential medium (GIBCO, Grand Island, N.Y.), containing 100 U of penicillin per ml, 100 ,ug * Corresponding author.
of streptomycin per ml, 10% heat-inactivated fetal calf serum, and 2 mM L-glutamine (Flow Laboratories, Inc., McLean, Va.), and suspended at 107 eosinophils per ml. A total of 1 x 107 to 2 x 107 cells was then layered on six-step discontinuous metrizamide gradients (Accurate Chemicals and Scientific Corp., Westbury, N.Y.), as previously described (13) . Routine preparations contained more than 85% eosinophils; contaminating cells were exclusively neutrophils.
Enzyme assays for biochemical studies. P-Glucuronidase activity was assayed with 4-methylumbelliferyl ,-D-glucuronide (Sigma). An appropriate sample of supernatant (or extract) was incubated with 10.0 mM 4-methylumbelliferyl glucuronide in 0.1 M acetate buffer (pH 4.8) for 15 min at 37°C (final volume, 0.25 ml). The reaction was terminated by the addition of glycine carbonate buffer (pH 10.0; final volume, 2.0 ml). The amount of released 4-methylumbelliferone was determined by changes in fluorescence (excitation, 365 nm; emission, 450 nm) and comparison with a standard curve prepared by the addition of 4-methylumbelliferone. Results are expressed as the percentage of total enzyme release and represent the mean of duplicate reactions. Percent release was defined as (supernatant activity/ total activity x 100. Total activity was determined in an equivalent number of cells incubated under identical assay conditions. The cell suspension was freeze-thawed three times, the debris was removed by centrifugation at 1,500 x g for 5 min at 4°C, and a sample was removed for enzyme assay. Arylsulfatase B activity was measured with 10.0 mM 4-methylumbelliferyl sulfate (Sigma) and 0.2 M sodium acetate buffer (pH 5.7). The percent release was determined as described above. Lactate dehydrogenase (LDH), used as a marker for cell disruption, was assayed by the methods of Bergmeyer et al. (3 Room air was defined as the presence of oxygen. Polystyrene tubes, tips, and HBSS were deoxygenated for 24 h before use. Eosinophils were prepared as described above, pelleted at 1,000 x g, and transferred to the anaerobic chamber. Cells were suspended in deoxygenated HBSS and allowed to equilibrate for 1 h before the experiments were initiated.
(ii) Superoxide anion production. Purified eosinophils (5 x 104) suspended in HBSS were added to duplicate polystyrene tubes (12 by 75 mm; Falcon) containing 100 nmol of cytochrome c (type VI, Sigma), as previously described (13) . The amount of 02-production was measured by the reduction of cytochrome c observed at 550 nm. The final reaction mixture contained 1.0 ml of HBSS. To exclude non-superoxide-mediated reduction of cytochrome c, 0.05 mg of superoxide dismutase (SOD) per ml was added to a duplicate set of reactions, and the background reduction of cytochrome c was subtracted. Conditions were selected so that the addition of 0.05 mg of SOD completely inhibited the reduction of cytochrome c. Because of the difficulty in obtaining large numbers of eosinophils, samples containing SOD were not included in all experiments. Incubations were performed at 37°C in a stationary water bath and were terminated after 60 min by rapidly cooling the mixture to 4°C
and centrifuging the cells at 1,000 x g for 10 min at 4°C.
(iii) Preparation of human IgG-coated beads. Beads were prepared with cyanogen bromide-activated Sepharose 4B particles (Sigma). These particles were swollen in 1 mM HCl and washed with coupling buffer (0.2 M NaHCO3 [pH 8.7]) containing 0.5 M CaCl. Samples (1 ml) of gel were incubated with 7.5 mg of human IgG'(Sigma) and were dissolved in coupling buffer for 2 h at room temperature with continuous mixing followed by overnight incubation at 4°C. Any remaining reactive groups on the Sepharose were blocked by incubating particles with 1.0 M ethanolamine (pH 8) for 2 h at room temperature with frequent mixing. The particles were washed alternately with coupling buffer and acetate buffer (0.1 M, pH 4.0, containing 0.5 M NaCl) to remove any noncovalently bound protein. This resulted in preparations containing 5.0 to 5.5 mg per 106 beads. RESULTS Viability of eosinophils. Initial studies evaluated the viability of resting eosinophils under our experimental conditions using both trypan blue dye exclusion and cytoplasmic enzyme release. Unstimulated eosinophils were more than 98% viable following preparation and incubation for 3 h in either the presence (room air) or absence of oxygen. After 3 h under these conditions, 12.2% of the LDH was released in the presence of oxygen and 16.6% of the LDH was released in the absence of oxygen.
Since calcium ionophore has been observed to cause cell death at some concentrations, LDH release was also evaluated with calcium ionophore-treated eosinophils (7) . Purified eosinophils were incubated under aerobic conditions with 10.5% (n = 2) of P-glucuronidase and 29.3 + 8.2% (n = 2) of arylsulfatase activity were released within the first 5 min. There was a time-dependent increase in enzyme release which plateaued at 30 min. Further incubation only marginally increased activity. In the absence of oxygen, decreased amounts of ,-glucuronidase and arylsulfatase were released from ionophore-stimulated eosinophils within the first 5 min (P c 0.01) and the release was significantly lower at all time periods (P . 0.01). Enzyme release in the absence of oxygen was lower at all time periods. These studies confirm that oxygen is not required for partial release of these granular enzymes.
Effect of preincubation. The experiments described above were performed for 2 h in either the presence or the absence of oxygen. To exclude the possibility that cell (or enzyme) damage under anaerobic conditions was responsible for reduced enzyme release, eosinophils were preincubated under anaerobic conditions for various periods prior to the addition of ionophore under aerobic or anaerobic conditions. Enzyme release was measured after an additional 60-min incubation. Preincubation had no effect on enzyme release (Table 2) ; that is, percent release of arylsulfatase andglucuronidase were equivalent after 60 min, regardless of the preincubation time in the absence of oxygen. Previous experiments have shown that maintenance of eosinophils under aerobic conditions for up to 3 h did not alter their subsequent response to ionophore. Thus, damage to eosinophils under anaerobic conditions did not explain the decreased enzyme release.
Effects of SOD and catalase. Eosinophil activation by Ca2" ionophore may result in the generation of small amounts of active oxygen species such as 02 and H202 which are capable of damaging cells and further contributing to enzyme release. Thus, SOD and catalase were added to evaluate the roles of 02-and H202, respectively (Fig. 2) . Both arylsulfatase and 3-glucuronidase release were partially inhibited by either SOD or catalase alone (P c 0.05). However, an additive effect was observed when both SOD and catalase were added. Boiled enzymes did not alter enzyme release (data not shown). These experiments suggest that both 02-and H202 can enhance ionophore-mediated release. The superoxide-generating system xanthine-xanthine oxidase did not stimulate enzyme release or alter ionophore-mediated release (data not shown).
Eosinophil degranulation with IgG-coated beads. lonophore-mediated degranulation was compared with IgG-mediated degranulation by using noningestible particles (Sepharose beads coated with IgG). Eosinophils were incubated with IgG-coated beads in the presence or absence of oxygen for various lengths of time. In the presence of oxygen, a greater fraction of ,B-glucuronidase was released, and release plateaued at 60 min. In the absence of oxygen, significant amounts of ,B-glucuronidase were released throughout the incubation period. Arylsulfatase release was significantly increased at only 120 min (P s 0.01). Except during the Effects of SOD and catalase on ionophore-induced eosinophil degranulation. Eosinophils were incubated with ionophore (2 ,uM) in the presence of the indicated amounts of SOD or catalase or both for 60 min at 37°C. The amounts of enzyme release were measured as described in Materials and Methods. Results represent the mean of two experiments performed in duplicate. P was less than 0.05 for the significance of the difference between the release of P-glucuronidase ( ) in the absence and presence of catalase or SOD or both at all concentrations. P was less than 0.05 for the significance of the difference between arylsulfatase release () in the absence and presence of catalase (10 or 100 U) and SOD (10 U). initial 30 min, enzyme release was reduced approximately 50% in the absence of oxygen (Fig. 3) .
To evaluate the role of active oxygen products in IgGmediated release, both SOD and catalase were added. In contrast to results of the ionophore studies, results in the presence and absence of SOD with or without catalase showed no differences (Fig. 4) . Separate studies with cytochrome c reduction as a measure of superoxide anion production failed to detect superoxide anion production (data not shown) under these experimental conditions, with IgG-coated beads as a stimulus.
DISCUSSION
Eosinophils possess both oxygen-dependent and oxygenindependent mechanisms for damaging helminthic parasites. We have previously suggested that oxygen-independent mechanisms depend upon degranulation, and our unpublished results demonstrate a marked increase in major basic protein released in the absence of oxygen (12) . We have now studied the release of the granular enzymes ,3-glucuronidase (a specific granule marker) and arylsulfatase (a small granule SOD (ug) , ,-glucuronidase) was determined as described in Materials and Methods. All reagents were added before the IgG-coated beads, and incubations were terminated after 60 min at 37°C. Results represent the mean of two experiments performed in duplicate. There are no significant differences between the absence and presence of catalase or SOD. marker) to evaluate the oxidative requirement for degranulation.
Calcium ionophore has been widely used to stimulate eosinophils in vitro and has been shown to induce either cytolytic or noncytolytic degranulation, depending on the source of the eosinophils, the concentration of ionophore, and the duration of incubation. In the present study, 2 ,M (or lower) concentrations of Ca2+ ionophore induced only background release of the cytoplasmic marker LDH after 60 min of incubation. A higher concentration (20 ,uM) induced cytolysis, as reflected by LDH release. Our results are compatible with those of some previous reports (7). However, others have found evidence of cytolytic degranulation of human eosinophils with 1 ,ug of Ca2+ ionophore per ml (approximately 2 ,uM) after incubation periods of 60 min or longer (5) . Such discrepancies may reflect technical differences such as the purification method for eosinophils or other unknown factors.
Ionophore-mediated release of granular enzymes was enhanced in the presence of oxygen and is partially due to generation of active oxygen products, as indicated by the addition of degradative enzymes. This finding contrasts with the effect of SOD and catalase on lysosomal enzyme release in human neutrophils (9) , in which active oxygen products appear to reduce detectable enzyme release. Our studies do not exclude other mechanisms by which the presence of oxygen facilitates enzyme release when ionophore is used as a stimulus. However, the fact that maximum inhibition with catalase and SOD resulted in release similar to that achieved under aerobic conditions supports the hypothesis that, in large part, oxygen radicals participate in degranulation in ionophore-stimulated cells. However, oxygen radicals alone are not sufficient, as is shown by the inability of xanthinexanthine oxidase to cause enzyme release. In comparison, active oxygen products do not appear to contribute to degranulation induced by IgG-coated beads, as is shown by a lack of effect of catalase and SOD. However, catalase and SOD may not have access to the active oxygen products at the site of the phagocytic vacuole. The failure of IgG-coated beads to activate superoxide anion production supports (but does not prove) the hypothesis that oxygen-dependent enhancement occurs by an alternative mechanism.
Comparable total amounts of enzyme release were induced by ionophore and IgG-coated beads. However, as might be expected, more time is required for IgG-mediated degranulation. Indeed, after 2 h in the absence of oxygen, a significantly greater amount of enzyme was released by the IgG stimulus (P c 0.05). Thus, comparisons of the efficacy of stimuli must depend on the length of time of assay as well as the nature of the stimulus. It is likely that enzyme release continues throughout the 24-to 30-h incubation period required for studies of parasite killing. Thus, eosinophils may function effectively for long periods when stimulated in tissues or by multicellular parasites. IgG-coated Sepharose beads have also been shown to stimulate the generation of leukotrienes from human eosinophils in a concentration-and time-dependent manner (14) . IgG probably stimulates release of enzyme activity by binding and cross-linking the Fc receptors on eosinophil membranes in addition to activating leukotriene release.
It is interesting that IgG-coated beads appear to preferentially release P-glucuronidase under aerobic conditions, unlike ionophore, with which a greater fraction of the arylsulfatase is released. These findings suggest that different stimuli in vivo may selectively release components from different granules, similar to activation in other secretory cells.
Several important conclusions can be drawn from these studies. Despite the strictly anaerobic conditions, eosinophils were capable of releasing substantial amounts of granular contents when stimulated by noningestible IgG-coated particles. Thus, under certain conditions of low oxygen tension in tissue, eosinophils may be capable of releasing granular contents and damaging parasites. Furthermore, selective release of granular contents may be another mechanism by which eosinophil function is modulated in host defense against parasites.
